One sentence summary: Microcystin is not primarily responsible for lower sensitivities of microcystin-versus non-microcystin-producing Microcystis aeruginosa strains to allelochemical tannic acid. Editor: Aharon Oren ABSTRACT Different phytoplankton strains have been shown to possess varying sensitivities towards macrophyte allelochemicals, yet the reasons for this are largely unknown. To test whether microcystin (MC) is responsible for strain-specific sensitivities of Microcystis aeruginosa to macrophyte allelochemicals, we compared the sensitivity of 12 MC-and non-MC-producing M. aeruginosa strains, including an MC-deficient mutant and its wild type, to the polyphenolic allelochemical tannic acid (TA). Non-MC-producing strains showed a significantly higher sensitivity to TA than MC-producing strains, both in Chlorophyll a concentrations and quantum yields of photosystem II. In contrast, an MC-deficient mutant displayed a higher fitness against TA compared to its wild type. These results suggest that the resistance of M. aeruginosa to polyphenolic allelochemicals is not primarily related to MCs per se, but to other yet unknown protective mechanisms related to MCs.
INTRODUCTION
Some macrophyte species exude allelopathic substances with algicidal and bactericidal effects (Hilt and Gross 2008) , providing a potential mechanism for preventing harmful cyanobacterial blooms (e.g. Shao et al. 2013) . However, the sensitivities of algae and cyanobacteria to allelochemicals differ significantly at the phylum (Hilt and Gross 2008) , species (Körner and Nicklisch 2002; Chang, Eigemann and Hilt 2012) and strain levels (Eigemann, Vanormelingen and Hilt 2013a) . The reasons for these differences remain largely unknown. One potential reason for the varying sensitivities of organisms to allelochemicals could be the possession of certain protective mechanisms, whose effectiveness outweighs any associated energetic costs. For instance, within the toxic cyanobacterium Microcystis aeruginosa, oxidative stresses, which could be caused by phenolic allelochemicals (Nakai, Inoue and Hosomi 2001; Zhang et al. 2010) , are better withstood by strains in possession of microcystins (MCs) (Dziallas and Grossart 2011; Zilliges et al. 2011; Meissner, Fastner and Dittmann 2013; Leunert et al. 2014) . We therefore propose that the protectiveness of M. aeruginosa against allelochemicals could be mediated by their ability to produce MCs. The few existing studies, that employed a pair of single random MC-and non-MC-producing M. aeruginosa strains, however, were not conclusive regarding sensitivities of these strains to allelochemicals (Mulderij et al. 2005; Liu et al. 2007; Wu et al. 2009) . In this study, we compared the sensitivities of 12 MC-producing and non-MC-producing M. aeruginosa strains, which included an MC-deficient mutant ( mcyB) and its wild type, to the common polyphenolic allelochemical tannic acid (TA). TA is a commercially available polyphenol closely related to major inhibiting compounds in macrophytes of the genus Myriophyllum (Gross, Meyer and Schilling 1996; Gross 2003) . Although TA has antimutagenic and antioxidative properties (Lopes, Schulman and Hermes-Lima 1999) , it was shown to cause oxidative stress in phytoplankton (Eigemann, Schmitt-Jansen and Hilt 2013b) . We hypothesized that both the non-MC-producing M. aeruginosa strains and the mcyB mutant would be more sensitive to oxidative stresses caused by TA than MC-producing strains and the wild-type strain, respectively.
MATERIALS AND METHODS
Microcystis aeruginosa xenic strains (described in Table S1 , Supporting Information) were maintained and experiments were carried out in a modified MIII KS medium (Körner and Nicklisch 2002) with a pH of 8.3 ± 0.1, at 22 ± 1
• C in a conditioning cabi- Germany) were run for 3 days in 50 mL conical flasks that contained 20 mL of the strain culture with the initial Chl a concentrations of 20 μg L −1 . TA is subject to rapid photolytic and microbial degradation (Bauer et al. 2012 ), yet the TA concentrations applied here are within the range of concentrations possible under in situ conditions (Gross, Meyer and Schilling 1996) . A freshly prepared TA stock solution (1 g L −1 ) was added to reach final concentrations. The positions of flasks were randomized every day to ensure equal light conditions. At the end of the experiments Chl a concentrations and maximum quantum yields of the photosystem II (from now on termed photosynthetic yield) were determined in 20 min dark adapted samples by Phyto-PAM fluorometer (Walz, Germany), as described in Körner and Nicklisch (2002) . In order to suppress the background fluorescence of the nutrient solution, Chl a concentrations were determined after off-setting the fluorescence of the culture filtrates (filtered through 0.2 μm pore size filters). All measurements were performed at the same time of a given photoperiod to ensure similar physiological states between cultures. The changes in Chl a and photosynthetic yield between MCversus non-MC-producing strains and between PCC 7806 versus PCC 7806 mcyB strains were compared by fitting a twofactorial general linear model (LM) with MC production and TA concentration as fixed factors. Data on the changes in Chl a concentrations for comparisons between PCC 7806 versus PCC 7806 mcyB strains were square root transformed to obtain normal and homoscedastic distributions of residuals. Half-maximal effective TA concentration (EC 50 ) were obtained by fitting Chl a concentrations to a three parameter Weibull model with a lower limit at 0 using the drc package in R (Ritz and Streibig 2005) . Chl a concentrations in control treatments and EC 50 values obtained were compared by Student's t-test (t-test). Assumptions of normality and homoscedasticity were checked by ShapiroWilk and Brown-Forsythe tests, respectively. The overall comparisons of MC-and non-MC-producing strains excluded the PCC 7806 mcyB strain due to its genetic transformation. Statistical analyses were performed in the R Statistical Environment (R Core Team 2014).
RESULTS AND DISCUSSION
Based on the previous findings by Dziallas and Grossart (2011) and Zilliges et al. (2011) , MCs were expected to offer a tradeoff between increased protection against oxidative stress in the presence of phenolic allelochemicals (Nakai, Inoue and Hosomi 2001; Zhang et al. 2010 ) and higher energetic costs related to MC synthesis (Briand et al. 2012) . The latter was confirmed in our study, as non-MC-producing strains grew faster in experimental controls as compared to MC-producing strains (t-test: t = 2.28, P = 0.048). We found that both Chl a concentrations and photosynthetic yields were significantly diminished by TA in non-MC-producing relative to MC-producing strains (LM: F 1,36 = 21.2, P < 0.001 and F 1,36 = 9.2; P = 0.004, respectively, Fig. 1A,  B) . EC 50 values were significantly higher for MC-producing than non-MC-producing strains (t-test: t = 3.73, P = 0.006; Fig. 2 ). This general lower sensitivity of MC-versus non-MC-producing strains to TA suggested that the production of MCs in M. aeruginosa may contribute to defensive mechanisms against oxidative stress by polyphenols that outweigh the energetic costs associated with MC production. On the other hand, a purely defensive role of MCs and the trade-off of MC production-related costs were contradicted by our experiments with the MC-deficient mutant. In contrast to our second hypothesis, the MC-deficient mutant showed a better fitness to stress by TA compared to its wild-type (LM: F 2,21 = 46.7, P < 0.001; Fig. S1 , Supporting Information). The mcyB mutant and its wild type are almost genetically identical. Thereby additional factors (genetic backgrounds, other metabolites etc.) that may provide protection against allelochemicals can be largely excluded, although the potential role of MC precursors (Tillett et al. 2000) or altered metabolism due to the absence of MCs (Meissner, Steinhauser and Dittmann 2014; Makower et al. 2015 ) cannot be neglected. Altogether, our results indicate that the resistance of M. aeruginosa to polyphenolic allelochemicals is not related to MCs per se, but to other yet unknown MC-related protective mechanisms that deserve further investigation.
In this study, only one mutant strain was compared to its wild-type strain and thus other strains need to be tested to draw more general conclusions. In addition, our experimental conditions (nutrient-repletion, constant temperature and light regime, single strain environment and single TA addition) may partly explain differences to other studies conducted closer to in situ conditions. For instance,Švanys, Paškauskas and Hilt (2014) found an equal inhibition of MC-and non-MC producing M. aeruginosa strains in a mesocosm study with the allelopathically active macrophyte M. spicatum. Our study implies that macrophyte-derived polyphenolic allelochemicals may increase the share of MC-producing genotypes in M. aeruginosa populations and thus potentially facilitate harmful cyanobacterial bloom toxicity rather than combat it.
